[1] Analysis of the variability of equatorial ozone profiles in the Satellite Aerosol and Gas Experiment-corrected Solar Backscatter Ultraviolet data set demonstrates a strong seasonal persistence of interannual ozone anomalies, revealing a seasonal dependence to equatorial ozone variability. In the lower stratosphere (40-25 hPa) and in the upper stratosphere (6-4 hPa), ozone anomalies persist from approximately November until June of the following year, while ozone anomalies in the layer between 16 and 10 hPa persist from June to December. Analysis of zonal wind fields in the lower stratosphere and temperature fields in the upper stratosphere reveals a similar seasonal persistence of the zonal wind and temperature anomalies associated with the quasi-biennial oscillation (QBO). Thus, the persistence of interannual ozone anomalies in the lower and upper equatorial stratosphere, which are mainly associated with the well-known QBO ozone signal through the QBOinduced meridional circulation, is related to a newly identified seasonal persistence of the QBO itself. The upper stratospheric QBO ozone signal is argued to arise from a combination of QBO-induced temperature and NO x perturbations, with the former dominating at 5 hPa and the latter at 10 hPa. Ozone anomalies in the transition zone between dynamical and photochemical control of ozone (16-10 hPa) are less influenced by the QBO signal and show a quite different seasonal persistence compared to the regions above and below.
Introduction
[2] The quasi-biennial oscillation (QBO) in tropical zonal wind is the dominant influence on the interannual variability of equatorial total ozone [e.g., Funk and Garnham, 1962; Ramanathan, 1963] . The QBO signal in total ozone varies between ±4% of the background total column amount and is approximately in phase with the zonal wind at 20-30 hPa (24-27 km) [e.g., Hasebe, 1983; Bowman, 1989; Randel and Cobb, 1994; Tung and Yang, 1994] . Long-term records of ozone profile measurements make it possible to investigate the vertical structure of ozone anomalies and demonstrate that the tropical ozone QBO has a double peaked structure in the vertical with maxima in the lower (20-27 km) and middle/upper (30-37 km) stratosphere [Zawodny and McCormick, 1991; Hasebe, 1994] . The boundary between dynamical and photochemical control of ozone around 28-30 km is apparent from this structure. Below 28 km, O x has a long lifetime [Brasseur and Solomon, 2005] , and ozone is mainly under dynamical control. It follows that the QBO signal in lower stratospheric ozone results from the transport of ozone by the QBO-induced meridional circulation. Above 30 km, on the other hand, O x has a short lifetime and ozone is under photochemical control. The QBO signal in middle/upper stratospheric ozone is thus understood to arise not from transport of ozone itself but from QBO-induced temperature variations [Ling and London, 1986; Zawodny and McCormick, 1991] together with QBO-induced variability in the transport of NO y that affects ozone chemically through NO x [Chipperfield et al., 1994; Tian et al., 2006] .
[3] It is well established that the variability of extratropical ozone anomalies is related to the variability of the dynamical forcing of the Brewer-Dobson circulation [Fusco and Salby, 1999; Randel et al., 2002; Weber et al., 2003] , which is affected by the QBO [Holton and Tan, 1980] . An important characteristic of the QBO signal in extratropical total ozone is its seasonal synchronization [Randel and Wu, 1996] , with maxima in the winter-spring hemisphere. Fioletov and Shepherd [2003] showed that interannual midlatitude total ozone anomalies established in winter/ spring persist through the summer until the next autumn. Tegtmeier et al. [2008] found that the Northern Hemisphere (NH) subtropical partial ozone column above 16 hPa shows especially strong seasonal persistence and argued on the basis of analysis of other trace species that the ozone anomaly persistence arises from the persistence of transportinduced wintertime anomalies in NO y , which perturb ozone through NO x chemistry. The study implied that through this "seasonal memory," the QBO has an asynchronous effect on subtropical ozone in the upper stratosphere during summer and early autumn. The seasonal persistence of lower stratospheric ozone is less strong and is related to the link between winter-spring ozone buildup due to transport of ozone itself and subsequent slow chemical decay of the anomalies in the dynamically quiescent summer stratosphere [Fioletov and Shepherd, 2003; Tegtmeier et al., 2008] .
[4] The seasonal persistence of ozone anomalies is of interest since it can be used to reconstruct missing data. For example, the especially strong seasonal persistence of extratropical upper stratospheric ozone anomalies means that most of the ozone variability in late spring, summer, and autumn can be described by the ozone variability during winter and early spring and results in excellent prediction capabilities, as demonstrated by Tegtmeier et al. [2008] . This capability can be useful for improving satellite ozone data sets by filling data gaps in the summer half of the year or ensuring the physical consistency of the data set.
[5] In contrast to the QBO signal in extratropical ozone, the QBO signal in equatorial total ozone is not synchronized with the annual cycle. There is no apparent preferred season in which the anomalies change sign or reach their maximum amplitudes [Baldwin et al., 2001] . However, the QBO of the equatorial zonal winds, which as discussed above causes the equatorial ozone anomalies through the QBO-induced meridional circulation, is somewhat synchronized with the seasonal cycle in that the timing of QBO phase transitions displays a weak seasonal dependence [Dunkerton and Delisi, 1985; Dunkerton, 1990; Pascoe et al., 2005] . It is not known with certainty what mechanism causes the seasonality of the QBO phase transitions; however, it is of interest to ask if this characteristic can lead to a seasonality of the ozone anomaly persistence. Moreover, it seems possible that the zonal wind anomalies may themselves be characterized by a seasonal persistence.
[6] In this study we therefore analyze the persistence of equatorial upper and lower stratospheric ozone anomalies, as well as the persistence of zonal wind anomalies, using the same approach as Fioletov and Shepherd [2003] . Data sets and methods are described in section 2. In section 3 the persistence of ozone and zonal wind anomalies based on correlation functions is presented. The section is structured into the analysis of ozone and zonal wind in the lower stratosphere, ozone in the middle/upper stratosphere, and ozone in the transition region between the lower and middle/ upper stratosphere. A summary is provided in section 4.
Data and Methods

SAGE Data Set
[7] The Satellite Aerosol and Gas Experiment (SAGE) measurements Zawodny and McCormick, 1991] were obtained through the solar occultation technique. The SAGE II sensor aboard the Earth Radiation Budget Satellite measured up to 14 sunrise and sunset profiles per day, which results in approximately 800 profiles per month. Spatial sampling is limited due to the satellite orbit, and data records for the tropics and/or midlatitudes have substantial gaps for individual months of the year. Validation studies have demonstrated the good quality of the SAGE I and SAGE II data records with an estimated precision of around 10% for SAGE I and 4-8% for SAGE II [Cunnold et al., 1989; Fioletov et al., 2006] . The SAGE data set has been used to compile the SAGE-corrected Solar Backscatter Ultraviolet (SBUV) ozone data set, which is the main focus of our paper. Additionally, the ozone and nitrogen dioxide (NO 2 ) data from the SAGE II sensor for the period from January 1985 to December 2003 processed with the version 6.2 retrieval algorithm [Rind et al., 2005] are analyzed here. NO 2 data are based on sunset observations only to avoid systematic differences between sunrise and sunset concentrations.
SAGE-Corrected SBUV Ozone Data Set
[8] The seasonal persistence of ozone anomalies is estimated from the SAGE-corrected SBUV ozone data set [McLinden et al., 2009] . The data set is based on a combination of Solar Backscatter Ultraviolet (SBUV) instrument and SAGE measurements, where the daily nearly global coverage of the first, and the precision and stability of the second, have been combined.
[9] The SBUV and SBUV2 instruments were launched on a sequence of NOAA satellites (7, 9, 11, 14, 16, 17, and 18) . Together, they have been providing measurements with daily near-global coverage from 1978 to present. Differences between the individual SBUV(/2) instruments have been shown to lead to biases between the corresponding time series during the overlapping periods [Frith et al., 2004] . Removing those biases has proven to be a challenge since the overlapping periods are sometimes short and the biases vary with time. Also, the SBUV algorithm can cause a damping of ozone fluctuations with fine vertical structure . As a result, the expected downward propagation of the equatorial QBO ozone signal is not properly captured in the SBUV(/2) data sets [McLinden et al., 2009] . It is possible to correct the biases between the individual SBUV data sets with the help of a high-quality ozone data set from a stable source spanning roughly the same time frame as the SBUV(/2) data sets. Such data are provided by the SAGE I and SAGE II data sets.
[10] Differences between coincident measurements by SAGE and SBUV(/2) have been used for a bias correction of the individual SBUV(/2) instruments [McLinden et al., 2009] . The SAGE-corrected SBUV data are based on SBUV(/2) data version 8.0 , SAGE I version 7.0 and SAGE II version 6.2 [Wang et al., 2006] . As a result of the corrections, the new data set shows a realistic downward propagation of the equatorial QBO ozone signal, in contrast to the original SBUV(/2) time series. The SAGEcorrected SBUV data set is provided as monthly zonal mean ozone spanning 1978-2005, limited 
HALOE Data Set
[11] The Halogen Occultation Experiment (HALOE) measurement technique is based on solar occultation with daily observations of up to 15 sunrise and 15 sunset profiles. The HALOE instrument [Russell et al., 1993] Grooß and Russell [2005] . The most recent data have not been included in this data set since the observations were much less frequent after 2002. The data are averaged over 5°wide equivalent latitude bins. The mixing ratio profiles of the trace species are given for 22 pressure levels between 316 and 0.1 hPa. We focus in this study on equatorial NO x at the pressure level 5 hPa. The NO x profile is calculated as the sum of the measured NO and NO 2 and is based on sunset events only.
Wind and Temperature Data
[12] The Free University of Berlin (FUB) QBO zonal wind data set [Naujokat, 1986] is based on daily radiosonde measurements in the tropics. Equatorial monthly zonal mean wind profiles were derived based on the daily measurements at three equatorial stations. The profiles are given for seven pressure levels between 70 and 10 hPa and cover the time period from 1953 to present.
[13] The temperature data set used here is obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA-40) [Uppala et al., 2005] . We focus on monthly mean zonal mean temperature time series from 1978 to 2002 at 5 and 10 hPa.
Methods
[14] The main goal of this paper is to quantify the seasonal persistence of equatorial ozone profile anomalies in various stratospheric layers. The persistence of ozone anomalies can be measured by the correlation coefficient between the ozone anomalies in one month and the anomalies in another month. Therefore, we calculate the correlations between time series of partial ozone columns for individual months following the approach introduced by Fioletov and Shepherd [2003] for the total ozone column. The seasonal cycle and the long-term trend are removed from the original data prior to the calculation of the correlation coefficients. The long-term trend is estimated separately for each month of the year by fitting the ozone time series to the equivalent effective stratospheric chlorine (EESC) loading in the equatorial stratosphere. The EESC term is a measure of the stratospheric halogen burden and is used to isolate long-term ozone changes associated with the amount of ozone depleting chlorine and bromine in the stratosphere.
[15] Let x and y be the partial ozone column in two particular months and layers. The correlation coefficient between x and y equals
where x i and y i are the ozone anomalies in year i and n is the number of years in the record. Correlation coefficients between the 27 year time series greater than 0.4 are statistically significant at the 95% confidence level based on the Student's t test.
[16] A statistical regression analysis of the SAGEcorrected SBUV ozone data set is used to separate the ozone variability associated with the QBO from the ozone variability not explained by the QBO. For this application, which is used only to supplement the main analysis, the ozone time series for each layer were fit with a regression model including EESC, solar cycle, QBO, and El NinoSouthern Oscillation (ENSO) as explanatory variables [World Meteorological Organization, 2007, and references therein] . The QBO time series are based on observed equatorial winds at 30 and 50 hPa, and the solar cycle term is the standard F 10.7 radio flux. The regression model includes a constant and an annual harmonic term for the regression coefficients of the EESC and QBO function. The regression coefficients for the QBO functions estimated by the linear regression analysis are used to calculate the ozone anomalies purely associated with the QBO signal as a linear combination of the two QBO time series. The residual time series is considered to represent all the ozone variability not associated with the QBO signal.
Ozone Variations in the Equatorial Region
[17] Figure 1a shows equatorial ozone anomalies derived from the SAGE-corrected SBUV ozone data set. Only the portion from 1993 to 2002 of the 27 year long data set is displayed. The seasonal cycle has been removed from the monthly zonal mean ozone data averaged over 5°S-5°N, and the anomalies are displayed as percentages of the multiyear mean. The variability of equatorial ozone is dominated by the QBO signal with its characteristic alternating positive and negative anomalies that can be traced downward in time [Zawodny and McCormick, 1991; Hasebe, 1994; Randel and Wu, 1996] . The equatorial ozone QBO signal is seen to have a double peaked structure in the vertical with maxima in the lower (70-16 hPa, corresponding to 20-27 km) and middle/upper (10-4 hPa, corresponding to 30-37 km) stratosphere, as noted earlier.
To simplify matters, we will refer to the partial ozone column below 16 hPa as lower stratospheric ozone and to the partial ozone column above 10 hPa as upper stratospheric ozone. In the dynamically controlled lower stratosphere, a westerly shear in QBO phase leads to a positive ozone anomaly, whereas in the photochemically controlled upper stratosphere, a westerly shear in QBO phase leads to a negative ozone anomaly. In order to analyze the persistence of ozone anomalies, we focus here on these two quite distinctive regions as well as the transition zone between them: the dynamically controlled region below 16 hPa is represented by SBUV(/2) layer 3 (corresponding to the partial ozone column between 40 and 25 hPa) and layer 2 (64-40 hPa), the photochemically controlled region above 10 hPa is represented by layer 7 (6-4 hPa), and the transition zone between the dynamically and photochemically controlled regions is represented by layer 5 (16-10 hPa).
[18] Standard deviations of the equatorial monthly zonal mean ozone anomalies for layers 3, 5, and 7 are shown in percent in Figure 1b . Ozone anomalies in layer 3 show the largest variability compared to the other two layers with values between 5% and 9%. The seasonal cycle of vari-ability for layer 3 has a maximum in January and a minimum in September. Ozone anomalies in layer 5 have the smallest relative standard deviations compared to the other two layers and a completely different seasonal cycle that peaks in late spring/summer. This is probably due to the fact that the QBO signals influencing ozone anomalies in layer 3 and in layer 7 cancel each other out in layer 5.
Ozone Persistence in the Equatorial Lower Stratosphere
[19] First, we analyze the persistence of equatorial ozone anomalies in the lower stratosphere, where ozone is under dynamical control. Figure 2a shows correlation coefficients between the ozone time series of layer 3 (40-25 hPa) for different months of the year. Each field of the frame represents the correlation coefficient between the monthly mean ozone anomaly time series for the month indicated on the x axis and that indicated on the y axis. Note that through the choice of the months on the x and y axis, the frame shows a symmetric structure with a diagonal representing correlation coefficients between the ozone time series of the same months, which equal 1. Clearly, there is a strong seasonal structure to the anomaly persistence: the monthly mean ozone anomalies for November/December are highly correlated with all the ozone anomalies in the following months until July. This pattern of correlation coefficients indicates that ozone anomalies in layer 3 get established in the NH autumn and then persist until the NH summer of the following year. A general characteristic of equatorial ozone is the alternating sign of the QBO ozone signal, which leads to a strong anticorrelation between anomalies separated by approximately 1 year. This is confirmed by the high negative correlation coefficients with values between −0.5 and −0.85 in Figure 2a . The pattern of strong negative correlation coefficients has a seasonal structure with especially strong negative correlations persisting between December and July, in a manner very similar to the pattern of high positive correlation coefficients. Both patterns of seasonal structure are quite surprising since the QBO signal in equatorial ozone is not assumed to be synchronized with the annual cycle [Baldwin et al., 2001, and references therein] . Assuming that the ozone QBO dominates the variability of equatorial ozone, the correlation coefficients should decrease steadily to zero in a quarter of the 28 month period, i.e., in approximately 7 months. Thus, one would expect high correlation coefficients for only a few months, as is observed for the time frame from July to October. For the rest of the calendar year, however, our current understanding of the ozone QBO cannot explain either the 7-8 month long persistence of the ozone anomalies or the synchronization of this persistence with the seasonal cycle.
[20] Figure 2b shows the correlation coefficients between the monthly mean ozone anomaly time series of layer 2 (64-40 hPa). For this level, there is a time frame, roughly from July to December, characterized by an enhanced persistence relative to the persistence expected on the basis of the QBO period. A sharp drop of the correlation coefficients after February/March reveals a time with reduced persistence in late winter. The coefficients lagged by 1 year show only weak anticorrelations with values between −0.6 and −0.3. This might be related to the fact that the period of the ozone QBO is less regular at this lower level. The ERA-40 equatorial temperature anomalies (not shown here), which reflect the QBO-induced circulation anomalies, show a strong anticorrelation in the 1 year-lag coefficients at 20 hPa but no anticorrelation at 50 hPa, consistent with the behavior of the ozone correlations, which supports this hypothesis. Although the correlation coefficients in layer 2 show a completely different pattern than the coefficients in layer 3, both layers are characterized by a seasonal persistence of ozone anomalies during certain times of the calendar year.
[21] It is understood that equatorial ozone anomalies in the lower stratosphere are mainly forced by the vertical component of the QBO-induced meridional circulation that is required to generate the equatorial temperature signals associated with the vertical shear of the zonal wind [Baldwin et al., 2001 , and references therein]. To directly link equatorial ozone anomalies and zonal wind anomalies, we calculate correlation coefficients between the two fields for particular stratospheric levels. Figure 3a shows the seasonal cycle of correlations between ozone in layer 3 (40-25 hPa) and the zonal wind at seven individual levels between 70 and 10 hPa. The correlations maximize for the zonal wind at 20 hPa, which is slightly above the layer of the ozone anomalies. The high correlation coefficients with values between 0.7 and 0.9 indicate that the main characteristics of the time series of the zonal wind at 20 hPa will be reflected in the time series of equatorial ozone anomalies in layer 3. Figure 3b shows the correlations between ozone in layer 2 (64-40 hPa) and the zonal winds. Here the correlations maximize for the zonal wind at 40 hPa, which is the upper boundary of the ozone layer. The correlations are statistically significant for all months except March and show high values around 0.8 from May to December.
[22] Analysis of zonal winds in the equatorial stratosphere has shown that the period of the QBO varies on decadal time scales and that the timing of the QBO phase transition displays a weak seasonal dependence [Dunkerton and Delisi, 1985; Dunkerton, 1990] , although the latter also varies on decadal time scales [Anstey and Shepherd, 2008] . Possible mechanisms to explain the seasonality of the timing of the phase transition include the semiannual oscillation, which might influence the initiation of QBO phases [Dunkerton and Delisi, 1985; Campbell and Shepherd, 2005] , and the rate of phase progression of the QBO. The latter describes the rate at which successive easterly and westerly wind regimes descend and has been shown to be strongly modulated by the seasonal cycle [Dunkerton, 1990; Wallace et al., 1993] . The latter study demonstrated that the mean rate of phase progression is three times as large for the time frame from April to June compared to November to February. It is not known with certainty what mechanism causes the seasonality of the QBO phase transition; however, it seems possible that this mechanism could at the same time lead to a seasonal persistence in the equatorial zonal winds.
[23] In order to test if the zonal winds are characterized by a seasonal persistence, we calculate the correlation coefficients between the monthly zonal wind time series for particular stratospheric levels. Figure 4a shows the correlation coefficients between the zonal wind time series at 20 hPa for different months of the year. The zonal wind anomalies for all the months from November onward are highly correlated with the wind anomalies in the following months up to June/ July. Thus, the pattern of high correlation coefficients reveals a 8-9 month long seasonal persistence of the equatorial zonal wind anomalies at 20 hPa. Figure 4b shows the correlation coefficients between the monthly mean zonal wind time series at 40 hPa. The most prominent feature here is a sharp drop of the correlation coefficients after March illustrating a reduced zonal wind anomaly persistence in late winter. From August to December, we find an enhanced persistence relative to the persistence expected on the basis of the QBO period. Thus, both stratospheric levels are characterized by a seasonal persistence of zonal wind anomalies and therefore a seasonal persistence of the QBO signal during certain times of the calendar year. However, the correlation coefficients at 40 hPa show a different time frame of persistence than the coefficients at 20 hPa, suggesting that the mechanism for the seasonal persistence is not related in any simple way to the seasonal cycle of tropical upwelling.
[24] We hypothesize that the seasonal persistence of zonal wind anomalies causes the seasonal persistence of the ozone anomalies. Analysis of the zonal wind at 20 hPa reveals a strong seasonal persistence from November to June/July.
Ozone anomalies in layer 3 show a very similar seasonal persistence from November/December up to July. This similarity and the strong correlations between ozone anomalies in layer 3 and zonal wind at 20 hPa, together with our understanding of the synchronous QBO ozone signal associated with the QBO-induced meridional circulation, support our hypothesis that the persistence in ozone is caused by the persistence in zonal wind. Correspondingly, the ozone anomalies in layer 2 are highly correlated with the zonal wind at 40 hPa, and again, both fields show very similar seasonal persistence.
[25] As a final test of our hypothesis, we use a linear regression model to separate the QBO-related variability in ozone from the variability that cannot be explained by the QBO signal. Using the output from the linear regression model, we are able to derive the ozone anomalies associated with the QBO signal as a linear combination of the two orthogonal QBO time series based on observed stratospheric winds. The residual ozone time series is calculated as the difference between the original ozone and the QBO ozone time series. The variability of the residual ozone time series is related to other sources of variability such as the solar cycle and ENSO, as well as to unexplained ozone variability. In order to analyze if the residual time series is characterized by a seasonal persistence, we calculate the correlations between the monthly mean residual ozone time series. Figure 5 shows the correlation coefficients for the residual ozone time series of layer 3 and of layer 2. Clearly, the time series of the residuals are not characterized by a seasonal persistence of their anomalies. In layer 3, the anomalies only persist for a very short time (1-2 months), while in layer 2, the persistence is slightly longer (approximately 3 months). Moreover, the layers do not show preferred seasons for enhanced or reduced persistence of the anomalies. This supports our hypothesis that the seasonal persistence of the original time series of ozone anomalies is caused by the seasonal persistence of the QBO signal itself. As soon as the variability associated with the QBO signal is 
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6 of 12 removed from the ozone time series, the seasonal persistence vanishes.
Ozone Persistence in the Equatorial Upper Stratosphere
[26] We now analyze the persistence of equatorial ozone anomalies in the upper stratosphere, where ozone is under photochemical control. Figure 6a shows the correlation coefficients between the monthly mean ozone anomaly time series of layer 7 (6-4 hPa), which is part of the upper stratosphere. There is a time frame, starting in October and ending in May, during which the monthly mean ozone time series are highly correlated with each other.
[27] Overall, the correlations for layer 7 are very similar to the ones found for layer 3 (shown in Figure 2a) , with the time frame of high correlation coefficients shifted by only 1 month. Correlations between ozone anomalies in layer 3 and layer 7 are shown in Figure 6b . In general, the ozone anomalies of the two layers are positively correlated. A given phase of the QBO leads to ozone anomalies of opposite sign in the lower and upper stratosphere. Since the QBO phase propagates downward with time these anomalies are lagged by approximately 1 year. At any one point in time, it is common to see positive (negative) anomalies in both the upper and lower stratosphere due to the fact that while the lower stratosphere is in one phase of the QBO the upper stratosphere is in the next phase. This leads to a Figure 6 . Correlation coefficients for ozone averaged over 5°S-5°N for the SAGE-corrected SBUV data set between monthly mean time series in (a) layer 7 and (b) layer 7 and layer 3. Each field represents the correlation between the ozone time series for two particular months, as labeled. positive correlation between the partial ozone columns in layer 3 and layer 7 as seen in Figure 6b . Surprisingly, the correlation has a marked seasonal dependence, being especially strong in the time frame from November until June and rather weak during the months from July to October. The correlations between layer 3 and layer 7 in Figure 6b are strong during exactly the same time of year when both layers show the seasonal persistence of their anomalies.
[28] We hypothesize that analogous to the equatorial lower stratosphere, the upper stratospheric QBO signal is characterized by a seasonal persistence, which causes the seasonal persistence of ozone anomalies. Unfortunately, radiosonde measurements of equatorial winds are not available above 10 hPa. However, temperature data are available for the upper stratosphere and zonal-mean temperature is directly related to the vertical zonal-mean wind shear so that it can be used as a proxy for the zonal QBO winds. (We choose to use reanalysis temperature rather than reanalysis winds in the upper stratosphere because the reanalysis is based on temperature measurements in this region.) The interannual variability of zonal-mean equatorial temperature in this region is dominated by the QBO signal (not shown here). Figure 7 shows the correlation coefficients between the monthly mean equatorial temperature time series at 5 hPa. The temperature anomalies for all the months from September onward are highly correlated with the temperature anomalies in the following months up to April, after which the correlation coefficients drop off. This seasonal persistence of upper stratospheric temperature anomalies indicates that the QBO signal in zonal wind is also characterized by a seasonal persistence in the upper stratosphere. Furthermore, the time frame of the seasonal persistence is virtually the same as that for the ozone anomalies in layer 7. This supports the hypothesis that, as in the lower stratosphere, the seasonal persistence of the upper stratospheric ozone anomalies results from the seasonal persistence of the QBO itself.
[29] As an additional test of the hypothesized link between the seasonal persistence of the QBO and that of ozone, we repeated the analysis of Figure 5 for the residual time series of upper stratospheric ozone anomalies. The residual time series were derived by removing the variability associated with the QBO signal. The correlation coefficients for the residual ozone time series (not shown here) display no clear pattern of clustered high correlation coefficients. Therefore, as for the lower stratosphere, the residual time series in the upper stratosphere shows no preferred season for enhanced or reduced persistence. This indicates that the seasonal persistence of upper stratospheric ozone anomalies is caused by the seasonal persistence of the QBO signal.
[30] Although the seasonal persistence of ozone anomalies in layer 3 and layer 7 is in both cases linked to the seasonal persistence of the QBO signal, these links are based on different physical mechanisms. It is well known that while ozone anomalies in the lower stratosphere are caused by QBO-induced variability of ozone transport, ozone in the upper stratosphere is under photochemical control and the direct influence of transport on ozone is negligible. The effect of the QBO-induced temperature signal on the reaction rates controlling ozone destruction has been identified as one source of the ozone QBO signal in the photochemically controlled region [Ling and London, 1986; Zawodny and McCormick, 1991] . In addition to the temperature influence, the QBOinduced variability of NO y transport that affects ozone chemically through NO x is important in forcing the ozone QBO [Chipperfield et al., 1994; Tian et al., 2006] . Indeed, Tian et al. [2006] found from their coupled chemistry-climate model (CCM) simulations that around 35 km the variations in NO x are the main contributor to the ozone QBO, with the temperature variations contributing only about 20% of the signal. However, the CCM study of Butchart et al. [2003] exhibited an ozone QBO in the upper stratosphere even when NO y was held fixed, and Randel and Wu [1996] showed that the strong negative correlations between observed ozone and NO x anomalies drop off rapidly with increasing altitude above 35 km. In general, both temperature and NO x variations affect ozone in the photochemically controlled region. It is reasonable to assume that the NO x variations contribute the dominant forcing between 30 and 35 km, with rapidly decreasing importance at higher altitudes as the relative role of the NO x ozone-destruction cycles diminishes and the more temperature-sensitive O x cycles play a larger role [Brasseur and Solomon, 2005] . The relevance of temperature variations for inducing ozone variations is manifested in the general anticorrelation observed between ozone and temperature in the upper stratosphere [e.g., Ward et al., 2000] .
[31] The seasonal persistence of the QBO can be seen in the seasonal persistence of the equatorial temperature anomalies (Figure 7) , which, through the mechanism of the persistence of photochemical perturbations to ozone, can lead to the persistence of ozone anomalies. On the basis of the altitude-dependent balance between NO x and temperature effects on ozone, we expect this mechanism to be an important contributor to the seasonal persistence of ozone anomalies above the region of NO x control. We hypothesize Figure 7 . Correlation coefficients for ERA-40 temperature averaged over 5°S-5°N between monthly mean time series at 5 hPa. Each field represents the correlation between the temperature time series for two particular months, as labeled.
that in the region of NO x control, the seasonal persistence of ozone anomalies is mainly caused by the seasonal persistence of QBO-induced NO y (and thereby NO x ) anomalies. In order to test this hypothesis, we first have to investigate the persistence of NO x anomalies in the equatorial upper stratosphere. Figure 8 shows the year-to-year variability of HALOE NO x anomalies at 5 hPa averaged over 5°S-5°N equivalent latitude for the months from October to May of the following year. The individual months show some data gaps for a number of years. In general, the number of years is too small to calculate meaningful correlation coefficients between the time series, so we adopt a qualitative approach. The interannual NO x anomalies do not change their magnitude during the months shown here and clearly persist from October through May, which is essentially the same time frame that exhibits persistence of 5 hPa QBO-induced temperature anomalies. The analysis of NO x time series thus indicates that the seasonal persistence of transport-induced NO y anomalies is caused by the seasonal persistence of the QBO itself.
[32] Ozone anomalies in layer 7 correspond to the partial ozone column between 6 and 4 hPa (around 35-37 km). We have provided evidence of the seasonal persistence of both equatorial temperature anomalies and NO x anomalies at 5 hPa, which is somewhere within the region where ozone changes from NO x control to temperature control. In order to investigate the relative importance of the seasonal persistence of temperature and NO x anomalies for the seasonal persistence of ozone anomalies at 5 hPa, we calculate the correlation coefficients between equatorial anomalies of SAGE II ozone, SAGE II NO 2 , HALOE NO x , and ERA-40 temperature at 5 hPa. Since the relation between ozone, temperature, and NO x changes rapidly with altitude, it is necessary to calculate the correlation coefficients between ozone and temperature given at exactly the same level. For this reason, we use SAGE II ozone given at the pressure level 5 hPa instead of the merged SAGE-corrected SBUV ozone given as the partial ozone column between 6 and 4 hPa.
Note that the correlation between SAGE-corrected SBUV ozone in layer 7 and SAGE II ozone at 5 hPa is very high (0.8) and the two time series show a very similar variability. The correlation coefficients are calculated based on the time series over all the months and years and given in Table 1 . Whereas ozone and temperature show a clear anticorrelation, ozone and NO 2 are not correlated and ozone and NO x are only weakly anticorrelated. This indicates that at 5 hPa, temperature contributes the dominant forcing of the ozone anomalies. Note that temperature and NO 2 as well as temperature and NO x are not correlated at 5 hPa. To illustrate the altitude dependence of the balance between temperature and NO x effects on ozone, we look at the correlation coefficients between SAGE II ozone, SAGE II NO 2 , HALOE NO x , and ERA-40 temperature at 10 hPa, which are given in Table 2 . Now the anticorrelations between ozone and NO 2 and between ozone and NO x are high, whereas ozone is only weakly correlated with temperature. Comparison of the correlation coefficients at 10 and 5 hPa illustrates that while NO x dominates at 10 hPa, temperature seems to be more important at 5 hPa. Therefore, the seasonal persistence of ozone anomalies in layer 7 is very likely caused by the seasonal persistence of temperature anomalies.
Ozone Persistence in the Transition Zone Between 16 and 10 hPa
[33] In general, ozone in layer 5 (16-10 hPa) is of particular interest since this region, which represents the transition between the dynamically and photochemically controlled regions, serves as the primary supply region of ozone to the extratropical lower stratosphere [Brasseur and Solomon, 2005] . The maximum in the vertical profile of equatorial ozone mixing ratio occurs between 15 and 5 hPa, with layer 5 being part of this region. Ozone anomalies in layer 5 show the smallest standard deviations compared to other layers, as is apparent from Figure 1 . It is likely that the QBO ozone signal caused by the chemical effects of NO y and the signal caused by ozone transport cancel each other out in the transition zone between the dynamically and photochemically controlled regions, leading to the observed weak variability. The correlation coefficients between the The correlation coefficients are calculated based on the time series over all the months and years, and the standard deviation for each time series is given in the last row of the table.
equatorial monthly mean ozone time series for layer 5 are shown in Figure 9a . A very strong seasonal persistence is apparent for the time frame from June/July to December. After December, the coefficients drop from high values around 0.7 to values that are not statistically significant. Note that this time frame of seasonal persistence is almost opposite to that found for the lower and upper stratosphere. Moreover, there is no anticorrelation between the ozone anomalies separated by 1 year as was seen for layers 3 and 7, where the QBO signal is strong. The correlations with layer 7 (not shown here) are relatively weak with correlation coefficients between 0.4 and 0.6 found for a time shift of half a year. All the above characteristics observed for the correlations of layer 5 indicate that ozone anomalies in the narrow transition zone between chemical and dynamical control (16-10 hPa) show completely different characteristics than ozone anomalies in the lower (40-25 hPa) or upper (6-4 hPa) stratosphere. Therefore, it is not surprising that the ozone anomalies of layer 5 do not show persistence from autumn to the following spring as do the ozone anomalies in layers 3 and 7.
[34] Since ozone in layer 5 is less influenced by the QBO than in the other stratospheric layers, we would not expect that the seasonal persistence of the QBO signal causes the seasonal persistence of the ozone anomalies in layer 5. In order to investigate the question of whether the seasonal persistence of ozone anomalies in layer 5 is influenced by the seasonal persistence of zonal winds, we analyze the residual time series with QBO variability removed. Figure  9b shows the correlation coefficients for the residual ozone time series of layer 5. The correlation has a marked seasonal dependence being especially strong from July to November and rather weak during the rest of the year. Overall, the correlations for the residual ozone time series and those for the original ozone anomalies are very similar, except for December, which shows no seasonal persistence for the residual time series. This similarity is in contrast to the results found for the lower and upper stratosphere, where the residual anomalies showed no seasonal persistence, and therefore the seasonal persistence could be associated with the QBO signal in ozone. In the transition zone between the lower and upper stratosphere, however, the ozone persistence shows a very different seasonal structure and is not associated with the QBO signal in ozone.
Summary
[35] Analysis of ozone profile data has demonstrated that the seasonal persistence of ozone anomalies is not only a phenomenon of the extratropics, where ozone variability is modulated by the QBO and synchronized with the seasonal cycle [Tegtmeier et al., 2008] , but is also a characteristic of the equatorial region where ozone variability is dominated by the QBO signal. Figure 9 . Correlation coefficients for ozone averaged over 5°S-5°N for the SAGE-corrected SBUV data set between monthly mean time series in (a) layer 5 and (b) layer 5 ozone residuals with the QBO-related variability removed as in Figure 5 . Each field represents the correlation between the ozone time series for two particular months, as labeled. The correlation coefficients are calculated based on the time series over all the months and years, and the standard deviation for each time series is given in the last row of the table.
[36] Maximum equatorial ozone variability occurs in the lower stratosphere (40-25 hPa) and in the upper stratosphere (6-4 hPa). This study has shown that ozone anomalies within these two stratospheric regions persist from approximately November until June of the following year. During the time frame of their seasonal persistence, ozone anomalies in each layer are highly correlated from month to month and show strong anticorrelations with ozone anomalies lagged by approximately 1 year. For both regions, analysis of the ozone time series with QBO variability removed confirms that the seasonal persistence of ozone anomalies is associated with the QBO signal in ozone.
[37] Our study suggests that the ozone anomaly persistence in the lower and upper stratosphere depends on the seasonal persistence of the QBO-induced meridional circulation and therefore on the seasonal persistence of the QBO itself. This hypothesis was supported by analysis of zonal winds in the lower stratosphere, which display a strong seasonal persistence. Additionally, high correlations between zonal wind and ozone anomalies for the respective layers with the same pattern of seasonal persistence point to the mechanism of persistence of zonal winds causing the persistence of the ozone anomalies.
[38] Previous studies have recognized the tendency of the QBO phase transition to be synchronized to the annual cycle. Our analysis adds to this picture by demonstrating that not only the timing of the QBO phase transition but also the persistence of the QBO signal itself show a clear seasonal dependence. It is not known what mechanism causes the seasonality of QBO phase transitions. One possible mechanism is based on the seasonal modulation of the rate of phase progression of the QBO, which is associated with the seasonal cycle in tropical upwelling. However, the time frame of seasonal persistence of the zonal wind anomalies is different for different layers, suggesting that there is no simple relationship with the seasonal cycle in tropical upwelling.
[39] The seasonal persistence of ozone anomalies in the upper stratosphere cannot be explained by the effects of the QBO-induced meridional circulation on the transport of ozone, since the lifetime of O x is too short in this region. Rather, ozone anomalies are induced chemically by a combination of temperature anomalies and transport-related NO y anomalies. It is suggested that, analogous to the lower stratosphere, the upper stratospheric QBO is characterized by a seasonal persistence that causes the seasonal persistence of anomalies in temperature and in long lived trace gases such as NO y . Evidence for this mechanism has been provided by the analysis of both temperature and NO x time series. Our study suggests that while around 5 hPa the ozone anomalies are caused mainly by temperature anomalies, at 10 hPa, the ozone anomalies are caused mainly by NO x anomalies.
[40] Tegtmeier et al. [2008] analyzed NH extratropical ozone anomalies and found that the partial ozone column above 16 hPa shows especially strong seasonal persistence. The study argued that this persistence arose from the persistence of transport-induced wintertime anomalies in NO y , which perturb ozone through NO x chemistry. Note that the mechanisms for the persistence of ozone anomalies at the equator and in the extratropics are quite different. The QBO signal in extratropical ozone is especially strong in winter and early spring since the QBO affects the dynamical forcing of the Brewer-Dobson circulation during this time of the year. During the summertime period, transport becomes much less important and hence so does the synchronous influence of the QBO on extratropical ozone anomalies, as is reflected by the small correlations between equatorial wind and extratropical ozone in summer and autumn. Through the "seasonal memory" of extratropical NO y anomalies, the QBO has an asynchronous effect on subtropical ozone in the upper stratosphere during summer and early autumn. In the equatorial region, on the other hand, ozone anomalies are highly correlated with the equatorial winds through the whole year. In this region, the seasonal persistence of ozone anomalies is caused by the seasonal persistence of the QBO itself.
[41] Between the two stratospheric layers of maximum equatorial ozone variability, ozone anomalies are small and less dominated by the QBO signal. The latter characteristic is illustrated by the lack of anticorrelations between ozone anomalies separated by 1 year. Nevertheless, this layer is important as it represents the transition between the dynamically and photochemically controlled regions and serves as the primary supply region of ozone to the extratropical lower stratosphere [Brasseur and Solomon, 2005] . Analysis of equatorial ozone anomalies in this stratospheric region (16-10 hPa) demonstrates a strong seasonal persistence from June to December. Analysis of the ozone time series with the QBO variability removed shows that the seasonal persistence is not associated with the QBO signal. Overall, ozone anomalies in the narrow transition zone between chemical and dynamical control (16-10 hPa) behave very differently compared to ozone anomalies in the broad regions above and below.
